Meningiomas are the most frequent intracranial tumors. The majority are benign slow-growing tumors, but they can be difficult to treat depending on their location and size. While meningiomas are well delineated on magnetic resonance imaging by their uptake of contrast, surgical limitations still present themselves from not knowing the extent of invasion of the dura matter by meningioma cells. The development of tools to characterize tumor tissue in real or near real time could prevent recurrence after tumor resection by allowing for more precise surgery, i.e., removal of tumor with preservation of healthy tissue. The development of ambient ionization mass spectrometry for molecular characterization of tissue and its implementation in the surgical decision-making workflow carry the potential to fulfill this need. Here, we present the characterization of meningioma and dura mater by desorption electrospray ionization mass spectrometry to validate the technique for the molecular assessment of surgical margins and diagnosis of meningioma from surgical tissue in real-time. Nine stereotactically resected surgical samples and three autopsy samples were analyzed by standard histopathology and mass spectrometry imaging. All samples indicated a strong correlation between results from both techniques. We then highlight the value of desorption electrospray ionization mass spectrometry for the molecular subtyping/ subgrouping of meningiomas from a series of forty genetically characterized specimens. The minimal sample preparation required for desorption electrospray ionization mass spectrometry offers a distinct advantage for applications relying on real-time information such as surgical decision-making. The technology here was tested to distinguish meningioma from dura mater as an approach to precisely define surgical margins. In addition, we classify meningiomas into fibroblastic and meningothelial subtypes and more notably recognize meningiomas with NF2 genetic aberrations.
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Introduction

11
Meningiomas are the most common intracranial neoplasia 12 and represent 30% of the primary central nervous system (CNS) 13 tumors in adults whereas they are rare during youth (0.4-4.6% of 14 all children and adolescents tumors) [1, 2] . They arise from the 15 dura mater or the arachnoidal cap cells of the leptomeninges and 16 are graded according to increased degrees of anaplasia in typical 17 (WHO grade I), atypical (WHO grade II) and anaplastic (WHO 18 grade III) meningiomas [3, 4] . Several histologic subtypes belong linked to mutation or deletion of the neurofibromin 2 gene NF2 23 [5] . Large-scale whole genome genotyping and exome sequencing 24 studies also reported that non-NF2-related meningiomas harbor 25 other recurrent oncogenic mutations [6, 7] . techniques (i.e., endoscopy [9] [10] [11] , ultrasound [12, 13] ) helped to 35 increase the resection rate of complex tumors, but did not 36 address the degree of dura involvement. Despite the role of 37 intraoperative magnetic resonance imaging (MRI) for glioma 38 surgery [14, 15] or stereotactic tumor biopsy [16] , both techniques 39 are limited for such complex meningiomas [17] . The implemen- 40 tation of mass spectrometry to inform surgical decision-making 41 and perform molecular subtyping could therefore be of benefit to 42 improve patient care in providing real-time characterization of 43 tissue. 44 The ability to operate mass spectrometers in the ambient 45 environment opened many areas of application for mass spec-46 trometry (MS) [18] . Direct analysis in real time (DART), and 47 desorption electrospray ionization (DESI) were the first ambient 48 MS methods to be introduced [19, 20] . This led to subsequent [29, 30] , LAESI [31, 32] and thermally induced disintegration 55 [33, 34] ).
56
In the DESI process, a spray of charged microdroplets produced 57 under a pneumatic assistance is directed onto the sample surface 58 at a specific angle. The sample/microdroplet interaction induces 59 desorption of the analytes. Several ion formation mechanisms have 60 been proposed for DESI [35] . They include droplet pickup, 61 condensed charge transfer, and gas phase charge transfer. a data set [54] . DESI-MSI data was converted for import to 176 ClinProTools 3.0 using in-house software. Normalization, baseline 177 subtraction, peak peaking and spectra recalibration were to meningioma tissue and dura mater (Fig. 1b) . The latter presents 214 the same dense irregular connective tissue encountered in an autopsy tissue section corresponding to dura mater with scattered 216 fibroblast cells (Fig. 1c) Fig. 1b (Fig. 2b, left operative MRI suggest a co-localization between the ion 242 distribution with the contrast enhancing mass (Fig. 3a and b meningothelial tissue [58, 59] resulting in a distinct histopatho-306 logical feature that seems to be distinguished by the PCA. 
